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Dear Sir: 

I, Fernando Donate, declare as follows; 

1 . I am a joint inventor of the subject matter of the pending claims and invented the 
subject matter of these claims in the United States prior to 05 February 2001. 

2. The invention claimed in the above-identified application is directed to anti- 
angiogenic compounds (and methods) based on the protein histidine proline rich glycoprotein 
(HPRG). 

3. I set forth my hypothesis that HPRG inhibits angiogenesis and the experimental 
results (inhibition of FGF-stimulated HUVEC proliferation and tubule formation) that proved this to 
be the case on pages 1, 6, 7 and 8 of Notebook 12 in the United States prior to 05 February 2001. 
Also stated prior to 05 February 2001 is my conception that the H/P domain of HPRG was 
responsible for this activity, which was borne out by subsequent experiments. Evidence for the 
foregoing is found in Exhibit A, a copy of various pages from my laboratory notebook, with dates 
(obscured) at the bottom margin of each page, and in certain sections, to the right of the entries 
(obscured), all of which precede 05 February 2001. 
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4. 1 further declare that all statements made herein of our own knowledge are true and 
that all statements made on information and belief are believed to be true; and that these statements 
were made with the knowledge that willful false statements and the like so made are punishable by 
fine or imprisonment, or both, under Section 1 001 of Title 18 of the United States Code, and that 
such willful false statements may jeopardize the validity of the application or any patent issuing 
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properties: 

Because of similarities to HK: 

• Both are abundant serum multi-domain proteins, containing cystatin-like 
domains and having a diverse array of activities. 

. Sequence similarities between HK-D5 and His-Pro rich domain of HPRG. 

• Both bind Zn+2/Cu+2/heparin/complement component 
Clq/thrombospondin. 



1 




Others: 



♦ HPRG inhibits endogenous and bFGF-stimulated 3T3 cells DNA 
synthesis. 

♦ HPRG displaces bFGF from heparan sulfate proteoglycans, which may 
promote or inhibit bFGF mediated angiogenesis. 

« Plasminogen-bound to cell-bound HPRG is more rapidly activated to 
plasmin by tPA. Plasmin, in turn, may activate several pro-MMPs 
promoting angiogenesis. 

♦ HPRG can only bind to GAGs on the surface of ECS at acidic pH 
(hypoxia/ischemia/infiammation) or in the presence of Zn+2/Cu+2. 



• HPRG also has diverse effects on T cells. 
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Peptides Derived from the Histidine-Proline Domain of the Histidine-Proline-Rich 
Glycoprotein Bind to Tropomyosin and Have Antiangiogenic and 
Antitumor Activities 

Fernando Donate, 1 Jose C. Juarez, 1 Xiaojun Guan, 1 Natalya V. Shipulina, 2 Marian L. Plunkett, 1 Ziva Tel-Tsur, 1 
David E. Shaw, 1 * 3 William T. Morgan, 2 and Andrew P. Mazar 1 

'Attention, LLC, San Diego, California; 'Division of Molecular Biology and Biochemistry, School of Biological Sciences, University of M'issouri-Kansus City, Kansas City, 
Missouri; and 3 D. E, Shaw Research and Development, LLC, New York, NY 



ABSTRACT 

The antiangiogenic activity of the multidomain plasma protein hisri- 
dine-proline-rich glycoprotein (HPRG) is localized to its histidine-proUne- 
rich (H/P) domain and has recently been shown to be mediated, at least 
partially, through binding to cell-surface tropomyosin in fibroblast 
growth facto r-2-activated endothelial cells (X. Guan et al, Thromb 
Haemost, in press). HPRG and its H/P domain, but not the other domains 
of HPRG, bind specifically and with high affinity to tropomyosin. !n this 
study, we characterize the interaction of the H/P domain with tropomy- 
osin and delineate the region within the H/P domain responsible for that 
interaction. The H/P domain of H PRG consists mostly of repetitions of the 
consensus sequence |H/P1(H/P|PHG. Applying an in vitro tropomyosin 
binding assay, we demonstrate that the synthetic peptide HHPHG binds to 
tropomyosin in vitro and inhibits angiogenesis and tumor growth in vivo. 
The affinity for tropomyosin increases exponentially upon multimeriza- 
tion of the HHPHG sequence, with a concurrent increase in antiangiogenic 
activity. Specifically, the tetramer (HHPHG) 4 has significant antiangio- 
genic activity in the Matrigel plug model (IC 50 —600 niw) and antitumor 
effects in two syngeneic mouse tumor models. Thus, we show that a 
16-mer peptide analogue mimics the antiangiogenic activity' of intact 
HPRG and is also able to inhibit tumor growth, suggesting that cell 
surface tropomyosin may represent a novel antiangiogenic target for the 
treatment of cancer. 

INTRODUCTION 

We have described the antiangiogenic properties of the abundant 
plasma protein histidine-proline-rich glycoprotein (HPRG) and local- 
ized these properties to the His-Pro-rich (H/P) domain (1), a result that 
has recently been confirmed (2). In this regard, HPRG is functionally 
similar to an evolutionarily related protein, activated high molecular 
weight kininogen (HKa), which has also been demonstrated to inhibit 
angiogenesis (3-5). Rabbit and human HPRG are highly homologous 
and demonstrate similar biological activity (1,6, 7). Thus, we have 
used rabbit HPRG (rbHPRG) for our studies rather than the human 
protein because it is more straightforward to isolate intact individual 
domains from rbHPRG (6, 7). Tropomyosin, which forms part of the 
actin cytoskeleton (8), has been identified on the surface of fibroblast 
growth factor-2 (FGF-2)-activated human umbilical vascular endothe- 
lial cells (HUVEC; Refs. 5, 9) and mediates the anti-angiogenic 
activity of HKa (5). The interaction of HPRG with endothelial cells 
has recently been described previously (9). rbHPRG binds with high 
affinity to HUVEC through its H/P domain and has at least two 
binding sites that exist on the surface of HUVEC: tropomyosin (high 
affinity) and heparan sulfate proteoglycans (moderate affinity). The 
interaction of HPRG with heparan sulfate proteoglycans has been 
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studied in several model systems (10-12). As in the case of HKa, the 
antiangiogenic activity of the H/P domain of rbHPRG is mediated, at 
least partially, through tropomyosin located on the surface of endo- 
thelial cells. The interaction of rbHPRG and its H/P domain with 
tropomyosin requires Zn 2+ or His protonation, which could occur 
under mildly acidic conditions such as those observed within a hy- 
poxic region of a tumor (9). 

The H/P domains of HPRG across different species are comprised 
primarily of repeats of conserved pentapeptides containing His, Pro, 
and Gly residues (6, 7, 13). A hybrid consensus sequence of human 
and rabbit HPRG that fully describes all possible permutations of the 
H/P domain in both species is designated [H/P][H/P]PHG (7). The 
rabbit H/P domain is comprised of two repeats of HHPHG, seven 
repeats of PPPHG, six repeats of HPPHG, and the sequence GFH- 
DHGPCDP PSHK at the COOH-terminus of the domain (7). The H/P 
domain of human HPRG contains other types of residues intercalated 
within 10 tandem repeats of the sequence HHPHG (7). Because the 
H/P domain of rabbit HPRG contains all of the determinants required 
for antiangiogenic activity (1), we inferred that the intervening se- 
quences in human H/P are not necessary for activity and hypothesized 
that the binding to endothelial cell surface tropomyosin may occur 
through the repeats of pentapeptides containing the consensus se- 
quence [H/P][H/P]PHG. 

In this study, we define the basis for the interaction of the H/P 
domain of HPRG with tropomyosin and delineate the region within 
the H/P domain responsible for its interaction with tropomyosin and 
its antiangiogenic activity. We show here that the peptide HHPHG has 
the highest affinity toward tropomyosin as well as the most potent 
antiangiogenic activity of the 5-mer peptides tested and that the His 
residues are essential for both binding to tropomyosin as well as for 
the inhibition of angiogenesis. Furthermore, we demonstrate that 
multimers of the HHPHG sequence have increased antiangiogenic 
activity and affinity for tropomyosin with progressively increasing 
multimer size. Finally, the largest multimer tested, the tetramer 
(HHPHG) 4 , also demonstrates substantial antitumor activity in two 
syngeneic [Lewis lung carcinoma (3LL) and B16F1] models of tumor 
growth in mice. 

MATERIALS AND METHODS 

Proteins, Peptides, and Materials. FGF-2 and vascular endothelial 
growth factor were purchased from Research Diagnostics, Inc. (Flanders, NJ). 
HKa was obtained from Enzyme Research Laboratories (South Bend, IN). 
Heparin was acquired from Sigma (St. Louis, MO). Intact protein and domains 
of rabbit HPRG were obtained as described previously (1). Peptides were 
synthesized and purified by Peptisyntha (Torrance, CA). HKa and HPRG were 
biotinylated using EZ-Link Sulfo-NHS-LC-biotin (Pierce, Rockford, IL) fol- 
lowing the manufacturer's instructions. 

Tropomyosin Competition Binding Assay. Chicken gizzard tropomyosin 
(Sigma) was dissolved in TBS [50 nut Tris, 140 niM NaCl (pH 7.5)]. Two 
hundred ng of chicken gizzard tropomyosin were added/well of a 96-well 
high-binding assay plate and incubated for 2 h at room temperature. The plate 
was washed with TBS-T [TBS with 0.05% Tween 80 (v/v)] and blocked with 
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2% fish gelatin (Sigma). Biotin-HKa (10 nM) in TBS containing 10 piM ZnCl 2 
was added to the plate together with the peptides. The plates were incubated at 
room temperature for 2 h and extensively washed with TBS-T buffer. Bound 
biotin-HKa was detected using avidin-horseradish peroxidase and the chromo- 
genic substrate 3,3'-5,5'-tetramethylbenzidine (Roche, Indianapolis, IN). The 
indicated IC 50 values were calculated by nonlinear fitting of experimental data 
using Prism. 

Matrigel Plug Model. Cold Matrigel (500 /xl) was mixed with heparin (50 
jig/ml), FGF-2 (400 ng/ml), and the peptides to be tested. Positive control 
plugs did not contain the test peptides, and negative controls plugs did not 
contain the pro-angiogenic FGF-2. In some experiments, 800 ng/ml FGF-2, 
300 ng/ml vascular endothelial growth factor and heparin were used. The 
Matrigel mixture was injected s.c. into 4-8- week-old female BALB/c nude 
mice, and the animals were sacrificed and the plugs recovered 5 days after 
injection. The plugs were then minced and homogenized with a tissue homog- 
enizer, and hemoglobin levels in the plugs determined using Drabkin's solution 
according to the manufacturer's instructions (Sigma). Alternatively, the Ma- 
trigel plug vascularization was determined after i.v. injection of 100 /xl of 
FITC-dextran (M r 250,000; Sigma) into the tail vein followed by fluorimetric 
analysis of the plug after removal. Both methods of detection yielded similar 
results. 

Modified Matrigel Plug Model. MatLyLu rat prostate cancer cells 
(2 X 10 6 cells) were mixed with Matrigel and the peptide to be tested and then 
injected into the flank of a mouse following the protocol described for the 
Matrigel Plug model. After 7 days, the animals were euthanized and the plugs 
removed and weighed. The plugs were then minced and homogenized with a 
tissue homogenizer, and hemoglobin levels were determined using Drabkin's 
solution according to the manufacturer's instructions. 

Endothelial Cell Binding Assay. To assess protein binding, 30,000 
HUVEC were plated in a 24-well plate and incubated overnight in M200 
containing 2% serum. Medium was then changed to basal medium (M200) 
containing 2% fetal bovine serum (FBS) with or without 10 ng/ml FGF-2 and 
incubated for 4 h at 37°C The medium was then aspirated, the plate placed at 
4°C, and the desired amounts of biotin-rbHPRG and the peptide to be tested 
were added in 200 /xl of HBS (pH 7.5) and 10 /xm ZnCl. Nonspecific binding 
was determined by measuring binding in the absence of Zn 2+ . 

Endothelial Cell Proliferation Assay. HUVEC were cultured overnight in 
M200 containing 2% FBS. The following day, 3000 cells were plated in each 
well of a gelatin-coated 96-well plate. The cells were allowed to adhere and 
spread for 4-6 h, at which time, the medium was replaced with fresh medium 
containing 2% FBS, 1 ng/ml FGF-2. and varying concentrations of specific test 
compounds in the presence and absence of 10 /xm ZnCl 2 . Cells were then 
cultured for an additional 48 h, and relative cell numbers in each well were 
determined using the Cell Titer Aqueous Cell Proliferation Assay (Promega, 
Madison, WI). 

Tumor Growth Inhibition Experiment and Cell Culture. The 3LL cells 
were a gift from the laboratory of Dr. Judah Folkman (Children's Hospital, 
Harvard Medical School). The cells were grown in DMEM, 10% FBS con- 
taining, 80 /xm L-glutamine, and 0.15% sodium bicarbonate at 37°C in a 
humidified 5% C0 2 incubator. B16F1 cells were obtained from the laboratory 
of Dr. Ronald Goldfarb (University of North Texas Health Science Center) and 
were maintained in RPM1 1640 containing 10% FBS and 1% MEM nones- 
sential amino acids at 37°C in a humidified 5% C0 2 incubator. For the tumor 
growth inhibition experiments, C57B1/6 female mice were inoculated s.c. with 
2.5 X 10 5 3LL cells or 7.5 X IO 4 B16F1 cells. After 4 days, peptide (dissolved 
in PBS) treatment was initiated and continued daily (Monday through Friday). 
Vehicle alone was used as a negative control, and metronomically dosed (170 
mg/kg, once/week) cyclophosphamide (Sigma) was used as a positive control 
(14)/ 

Statistical Analysis. Results were analyzed using the Student's / test. Data 
are presented as mean ± SD or mean ± SE (Fig. 7). 



RESULTS 

Identification of the Pentapeptide from the H/P Domain of 
HPRG with the Highest Affinity for Tropomyosin. To identify the 
peptide from the consensus sequence [H/P][H/P]PHG required for the 
binding of HPRG to tropomyosin, three peptides, PPPHG, HPPHG, 



and HTfPHG, having free or capped termini (acetylated and amidated 
at the COOH- and NH 2 -terrnini, respectively) were synthesized. We 
have previously demonstrated that the binding of HPRG and HKa to 
immobilized tropomyosin in a 96-well solid phase assay correlates 
with the binding to FGF-2-stimulated HUVBCs (5, 9). HKa and 
HPRG could be used interchangeably in this assay, but HKa provides 
a superior signal-to-noise ratio and was thus used in all subsequent 
experiments. This assay was used to study the interaction of the 
H/P-derived peptides with tropomyosin. The six peptides (three 
capped, three uncapped) were screened for their ability to compete 
with biotin-HKa for binding to tropomyosin at concentrations of 50 
and 200 ixm (Fig. 1/4). Only the uncapped forms of peptides HHPHG 
and HPPHG substantially inhibited binding in this assay, and all 
subsequent studies were carried out using these two peptides. The 
difference in affinity of HHPHG as a capped or uncapped peptide is 
shown as a dose titration curve in Fig. 1 B. The TC 50 for the uncapped 
peptide is —150 jxm, whereas the capped peptide competes with the 
binding of biotin-HKa with an IC 50 ~ 1 m.M, indicating that a free 
NH 2 - and/or COOH-terminus are important for the interaction with 
immobilized tropomyosin. Similar results were found for capped and 
uncapped HPPHG (data not shown). 

Ala Scanning Replacement of HHPHG and HPPHG. Ala scan- 
ning replacement of both peptides was carried out with die objective 
of assessing the relative contribution of each residue to tropomyosin 
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Fig. I. Peptides from the consensus sequence of the H/P domain inhibit binding of 
biotinylated HKa to tropomyosin in vitro. A, 10 nM biotin-HKa. together with the peptide 
to be tested at 50 (■) or 200 (□) jam, were added in TBS [IO^m ZnCI 2 (pH 7.4)] to a 
96-well plate previously coated with 200 ng of chicken gizzard tropomyosin. After 
incubation at room temperature and extensive washing, the bound protein was detected 
using avidin-horseradish peroxidase and a chromogenic substrate. The absorbance in the 
absence of peptide is considered no inhibition. B, 1 0 iim biotin-HKa was mixed with 
increasing concentrations of HHPHG {■) or Ac-HHPHG-NH 2 (A) as described for//. An 
IC 5() was calculated by nonlinear fitting of the data. 
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Fig. 2. Ala scanning replacement of HPPHG. ^4, peptides containing Ala replacement 
in each position of the peptide HPPHG were tested in the tropomyosin binding assay as 
described in Fig. M, at 10 (■), 100 (□) or 1000 (□) jxm. The absorbance in the absence 
of peptide is considered no inhibition. 5, 10 nM biotin-HKa are mixed with increasing 
concentrations of the HPPHG (■) or the APPHG (A) peptides as described in Fig. \B. 



binding. Replacement of either His residue in HPPHG with Ala 
significantly decreased the ability of the peptide to compete for 
binding to tropomyosin (Fig. 2A) and substituting the NH 2 -terminal 
histidine completely abrogated the ability of the peptide to compete 
for binding to tropomyosin (Fig. 2B). A more detailed Ala replace- 
ment study was carried out with the HHPHG peptide (Fig. 3). The 
IC 50 values of the variant peptides in the tropomyosin binding assay 
were normalized to the activity of HHPHG. IC 50 = 155 ± 49 /am. As 
observed with the HPPHG peptide, the first His residue provides the 
largest contribution to binding. Substitution of the other His residues 
also decreased binding, but replacement at the non-His positions had 
no significant effect (Fig. 3). Truncation of the last Gly residue 
(HHPH) and even combining the truncation with the Ala substitution 
of the Pro (HHAH) had only a small effect on the binding affinity. 

These results indicate that the activity of the peptides in the tropo- 
myosin binding assay is His-residue dependent. His residues also bind 
to divalent cations (15), and thus, a trivial explanation for the inhibi- 
tion of biotin-HKa binding to tropomyosin is that the peptides could 
simply be stripping away the Zn 2+ required for this binding. To assess 
this possibility, we preincubated the peptides at three different con- 
centrations close to their IC 50 values with the same concentration of 
ZnCl 2 used in the assay (data not shown). If the peptides were 
prcbound with Zn 2M \ their capacity to inhibit biotin-HKa binding by 
competing for Zn 2+ should be diminished. However, even after pre- 
incubation with Zn 2+ , the peptides retained full inhibitory capacity, 
indicating that the inhibition of binding of biotin-HKa to tropomyosin 



by the peptides was not due to stripping Zn 2+ from the assay. Because 
the affinity of the HHPHG peptide (1C 50 = 154 ± 49 /am) is some- 
what higher than that of the HPPHG peptide (1C 50 = 242 ± 144 aim) 
in the tropomyosin binding assay, the HHPHG peptide was chosen for 
additional studies. 

To test whether binding to tropomyosin in vitro correlated with 
antiangiogenic activity in vivo, pairs of peptides with low and high 
IC 50 values in the tropomyosin binding assay were compared in both 
the Matrigel plug model and the modified Matrigel plug model in 
which the angiogenic stimulus is provided by tumor cells that are 
mixed with the Matrigel (1). The HHPHG peptide had significant 
inhibitory activity in both assays (Fig. 4), suggesting activity against 
both FGF-2 and tumor-driven angiogenesis. Tn contrast, the activity of 
the AHPHG peptide, which had the lowest affinity (highest IC 5() ) of 
all of the Ala mutants of the HHPHG series for tropomyosin, was 
significantly lower than that of HHPHG in both in vivo models (Fig. 
4). Similar results were obtained with HPPHG (low IC 5ft , high anti- 
angiogenic activity) and APPHG (high IC 50 , low antiangiogenic ac- 
tivity; data not shown). These results demonstrate the correlation 
between tropomyosin binding in vitro and antiangiogenic activity in 
vivo. Furthermore, the fact that HHPHG and HPPHG have antiangio- 
genic activity is consistent with our hypothesis that the antiangiogenic 
activity of the H/P domain resides in the consensus sequence [H/P] 
[H7P]PHG. 

Tropomyosin Binding Affinity and Antiangiogenic Activity of 
Multimers of HHPHG. Although truncation of the last Gly residue 
in the HPPHG peptide and replacement of Pro residues with Ala had 
only minor effects on binding, structural roles for these two residues 
might not be observed when they are part of a small peptide but could 
become important if that sequence was contained in a larger peptide 
or protein. The H/P domain is known to adopt a poly-Pro type II helix 
(7). Thus, Gly residues may act as spacer residues, and Pro residues 
may promote the poly-Pro secondary structure in larger peptides. 
Therefore, these two residues were retained in each HHPHG subunit 
in our investigation of the effect of multimerization on binding and 
antiangiogenic activity. Capped and uncapped multimers (two to four 
repeats) of the HHPHG peptide were synthesized and tested in the 
tropomyosin binding and Matrigel plug assays (Table 1). A direct 
correlation between the number of repeats of the consensus sequence 
and the affinity for tropomyosin and antiangiogenic activity was 




J* J* ^ 



Kig. 3. Alanine scanning replacement of HHPHG. Peptides containing Ala replacement 
in each position of the peptide HHPHG were tested in the tropomyosin binding assay as 
described in Fig. 1 . The data are the mean and SD of n ~ 4 experiments. The calculated 
IC,,, values were normalized lo the activity of HHPHG, IC 50 = 155 ± 49 /am. 
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A 




Control HHPHG 



Fig. 4. The HHPHG peptide has antiangiogenic activity, which is significantly de- 
creased in the modified AHPHG peptide. A, 300 /am of both peptides, HHPHG and 
AHPHG, were added into a mixture containing FGF-2. heparin, and Matrigel. This was 
then injected into the flank of a mouse following the protocol described for the Matrigel 
Plug assay. After 5 days in the mice, the plugs were removed and analyzed. Full (100%) 
angiogenesis is defined as the hemoglobin level determined by Drabkin's method in the 
FGF-2 containing plug minus the plug lacking FGF-2. B, 2 x 10 6 cells of the rat prostate 
carcinoma MalLyLu were mixed with Matrigel, together with 700 or 900 jllm HHPHG and 
AHPHG, respectively, and then injected into the flank of a mouse following the protocol 
described for the modified Matrigel Plug assay. After 7 days, the animals were sacrificed; 
the plugs removed and weighed. All treatments were tested in triplicate and means ± SD 
are given. 



exponential as determined by nonlinear regression analysis of the data 
(Table 1). Similar results were obtained with the capped peptides (data 
not shown). The activity of Ac-(HHPHG) 4 -NH 2 was characterized 
further in the Matrigel plug assay, and the titration curve generated 
(Fig. 5) showed an IC 50 for Ac-(HHPHG) 4 -NH 2 of -600 nM, only 
6-fold higher than that measured for the full-length rabbit H/P domain 
(1). Because Ac-(HHPHG) 4 -NH 2 can also bind zinc, we tested for the 
possibility that Ac-(HHPHG) 4 -NH 2 manifested its antiangiogenic ac- 
tivity by chelating zinc and inhibiting zinc-dependent processes, e.g., 
enzymes, such as metal loproteinases, that are important for angiogen- 
esis. To that end, Ac-(HHPHG) 4 -NH 2 (0.5 /am) was tested in the 
Matrigel plug model alone or after preincubating the peptide with a 
20-fold molar excess of ZnCl 2 . If the antiangiogenic mechanism of 
action of Ac-(HHPHG) 4 -NH 2 involves zinc sequestration, then satu- 
rating all possible binding zinc sites within the peptide should abro- 
gate or decrease the antiangiogenic activity of Ac-(HHPHG) 4 -NH 2 . 
However, the magnitude of angiogenesis inhibition was similar re- 
gardless of whether the peptide had been preincubated with a 20-fold 
excess of zinc (—62 ± 22 versus —60 ± 15% in the plugs where no 
zinc was added). ZnCl 2 alone, at an excess of 20-fold to the peptide 
concentration, did not have any significant activity in this assay 
(inhibition of —5%). These results indicate that the antiangiogenic 
activity of Ac-(HHPHG) 4 -NH 2 observed in the Matrigel plug model 
in vivo was most likely not due to chelation of zinc and inhibition of 
zinc-dependent processes. 

To demonstrate that peptides derived from the H/P domain of 
HPRG could directly affect endothelial cells, we investigated the 
HUVEC binding and antiangiogenic activities of the peptide Ac- 
(HHPHG) 4 -NH 2 . We recently reported that biotin-rbHPRG, in the 
presence of zinc, binds with high affinity to FGF-2-stimulated HU- 
VECs at two binding sites: cell surface-exposed tropomyosin (high 
affinity) and heparan sulfate proteoglycans (moderate affinity) (9). It 
was also demonstrated that the isolated H/P domain of HPRG, but not 
the remainder of protein (N/C fragment), can compete HPRG binding 
to HUVEC (9). Thus, we tested Ac-(HHPHG) 4 -NH 2 for its ability to 
compete biotin-rbHPRG binding to HUVEC. Ac-(HHPHG) 4 -NH 2 , 
but not the N/C fragment, was able to compete the binding of 
biotin-rbHPRG to HUVEC in vitro (Fig. 6A) with an IC 50 -0.5-1.0 
Ijlm. Ac-(HHPHG) 4 -NH 2 also inhibited FGF-2-driven HUVEC prolif- 
eration in vitro in a zinc-dependent manner, as has previously been 
demonstrated for HPRG (Ref. 1; Fig. 65). In summary, Ac-(HHPHG) 4 - 



Table 1 Binding affinity and activity in the Matrigel plug assay of mult inters 

of HHPHG 



Sequence 


Tropomyosin binding 


Matrigel plug 


IC J0 (fXM) 


SD 


% inhibition 


HHPHG 


92 


2.8 


68* 


(HHPHG), 


11.6 


2.8 


32 


Ac-(HHPHG)-,-NH 2 


26.9 


2.5 


41 


(HHPHG);, 


1.25 


0.31 


41 


Ac-(HHPHG) 3 -NH 2 


1.56 


0.53 


53 


(HHPHG) 4 


0.256 


0.07 


69 


Ac-(HHPHG) 4 -NH 2 


0.245 


0.12 


84 



NOTE. The peptides were tested in the tropomyosin binding assay as described in Fig. 
1. The data are the mean and SD of n ~ 3 experiments. The peptides were also tested in 
the Matrigel plug assay as described in Fig. 4A. The data shown are from a representative 
experiment. HHPHG was tested at a concentration of 300 fXM and the other peptides at 0.5 
jam. The relationship between the number of repeats and the IC 50 is exponential as 
determined by nonlinear regression analysis and is defined as IC SU ~ 732.7Xe ( " 2 075Xn \ 
where w is the number of HHPHG repeats. 

* Tested at 300 p.M; all other peptides at 0.5 jam. 

observed, providing additional support for our hypothesis that the 
consensus sequence, [H/P][H/P]PHG, within the H/P domain medi- 
ates these activities in HPRG. The relationship between the 1C 50 for 
tropomyosin and the number of repeats for the uncapped multimers is 
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[Ac-(HHPHG) 4 -NH2] (nM) 

Fig. 5. The Ac-(HHPHG) 4 -NH 2 peptide inhibits angiogenesis in the Matrigel plug 
assay in a dose-dependent manner. Increasing amounts of Ac-(HHPHG) 4 .NH 2 were added 
directly in the Matrigel plug together with FGF-2 as described in "Materials and Meth- 
ods." Full (100%) of angiogenesis is defined as the hemoglobin level determined by the 
Drabkin's method in the FGF-2 containing plug minus the plug lacking FGF-2. 
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Fig. 6. The Ac-(HHPHG) 4 -NH 2 peptide competes the binding of b-rbHPRG to 
HUVEC and has HUVEC-antiproliferative activity in vitro. A y the competition of 15 nM 
b-rbHPRG bound to FGF-2-stimulated HUVEC by increasing concentrations of (HH- 
PHG) 4 peptide or the N/C fragment is shown. B t the effect of increasing concentrations of 
(HHPHG) 4 peptide in the presence or absence of 10 juiM ZnCl 2 on the FGF-2 -driven 
proliferative activity of HUVEC is shown. 



NH 2 appears to bind to HUVEC and inhibits the proliferative effects 
of FGF-2. 

Antitumor Activity of (HHPHG) 4 . The H/P domain of rbHPRG 
inhibits rumor-cell-driven angiogenesis but has no direct effect on 
tumor cells (1). This domain was not tested in a murine model of 
cancer because of the difficulty in obtaining sufficient amounts of the 
pure H/P domain. However, because sufficient quantities of peptides 
could be synthesized for animal studies, we evaluated the antitumor 
activity of the Ac-(HHPHG) 4 -NH 2 peptide in two fast-growing syn- 
geneic tumor models: the 3LL and the B16F1 melanoma. The capped 
peptide, which has activity similar to that of uncapped (HHPHG) 4 , 
was used in this study to minimize exoproteolytic degradation after 
injection into mice. We first determined the best route of administra- 
tion at several doses of peptide using the Matrigel plug model. 
Ac-(HHPHG) 4 -NH 2 was administered i.p., i.v., or s.c. into mice that 
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had previously been implanted with Matrigel plugs containing FGF-2 
and vascular endothelial growth factor (Fig. 7). The peptide demon- 
strated anti angiogenic activity in this model regardless of the route of 
administration (Fig. 7). However, angiogenesis was most effectively 
blocked when the peptide was administered i.v. On the basis of these 
preliminary results, we decided to deliver the peptide daily at two 
doses (25 and 50 mg/kg) by i.v. bolus Monday-Friday in the 3LL 
model and at a dose of 75 mg/kg using the same schedule in the 
B16F1 model. Treatment was initiated in both models 4 days after 
tumor cell inoculation. The 50 mg/kg dose in the 3LL model signif- 
icantly inhibited tumor growth by 48% (P = 0.03 1 ) at the end of the 
experiment (Fig. &A). Similar results were observed at the 75 mg/kg 
dose in the B16F1 model (Fig. 8fl) where tumor growth was inhibited 
by 47% (P = 0.053). We could not absolutely rule out an immune 
response against Ac-(HHPHG) 4 -KH 2 in these studies, which could 
have the effect of neutralizing the antitumor activity of the peptide. 
However, because of rapid progression of tumor growth in these 
studies, it is unlikely that the animals had sufficient time to mount a 
robust immune response. In addition, mouse HPRG has eight repeats 
of HHPHG, making generation of an immune response against this 
sequence less likely. In any event, significant inhibition of tumor 
growth was observed in both models regardless of any possible 
immune response demonstrating the antitumor activity of the Ac- 
(HHPHG) 4 -NH 2 peptide. 

DISCUSSION 

In this study, we have defined the consensus region within the H/P 
domain of HPRG responsible for its interaction with tropomyosin and 
for its antiangiogenic activity. The pentapeptides from the consensus 
sequence of the H/P domain have moderate affinity for tropomyosin 
that correlates with antiangiogenic activity 7 in vivo. The potency of the 
binding and the antiangiogenic effect increases significantly in mul- 
timers of the consensus sequence, and an exponential relationship 
exists between the number of consensus sequence units and affinity 
for tropomyosin. A tetramer of the sequence HHPHG has significant 
antitumor activity in two syngeneic (3LL and B16F1) models of 
tumor growth in mice. This correlation between affinity for tropomy- 
osin and antiangiogenic and antitumor activities provides additional 
support for endothelial cell surface tropomyosin as an antiangiogenic 
receptor. To date, tropomyosin has been shown to be involved in 
binding and relaying antiangiogenic signals for HKa (5), HPRG (9), 
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Fig. 7. The Ac-(HHPHG) 4 -NH 2 peptide inhibits angiogenesis in the Matrigel plug 
assay when given i.v. Matrigel plugs containing 800 ng/ml FGF-2 and 300 ng/ml VEGF 
were implanted and treatment started the same day by injecting Ac-(HHPHG) 4 -NH 2 i.v., 
i.p. ? or s.c. at 1 mg/kg/day for five days. Animals were injected with 100 jil of 
dextran-FITC before being sacrificed, and the plugs were analyzed. Hie graph shows 
fluorescence intensity in arbitrary units (AU). 
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Fig. 8. The Ac-(HHPHG) 4 -NH 2 peptide inhibits tumor growth in 3LL and B16F1 
syngeneic models. C57B1/6 mice were inoculated s.c. with 25 X 10 4 3LL cells or 
7.5 X 10 4 BI6FI cells. After 4 days, treatment was initiated with i.v. injections of 25 (■) 
or 50 (A) mg/kg Ac-(HHPHG) 4 -NH, in the 3LL model (A) and 75 mg/kg (A) in the 
B16F1 model (/?). Treatment was administered Monday to Friday. As a negative control, 
mice were injected with PBS (T); and as a positive control, animals were treated with 
Cytoxan (•) using a metronomic regimen: 170 mg/kg, s.c, once a week. The graph shows 
the means of tumor volume ± SE. 



and endostatin (16). Thus, tropomyosin on the surface of activated 
endothelial cells may be a central receptor for antiangiogenic proteins. 
Because tropomyosin lacks a transmembrane domain, it is likely that 
other proteins in the endothelial cell membrane may associate with 
tropomyosin and play a role in its antiangiogenic signaling. 

Structurally, tropomyosin is a parallel coiled coil containing repe- 
titions of a 7-mcr motif (17). The different tropomyosin isoforms are 
very similar in sequence and have an acidic isoelectric point of —4.6 
(8). The H/P domain is a poly- Pro type II helix (7) in which the His 
residues of the repeats of the consensus sequence protrude outward. 
The H/P domain appears to interact with negatively charged tropo- 
myosin only when the H/P domain acquires a positive charge either 
through binding to Zn +2 via noncharged His residues or by direct 
protonation of histidines induced under mild acidic conditions (9), 
suggesting that there is a large electrostatic contribution to the bind- 
ing. This is consistent with the His residues of HPRG being essential 
for affinity for tropomyosin and antiangiogenic activity as demon- 
strated in this study. Thus, both, the H/P domain and tropomyosin are 
helical repetitive structures of opposite charge, suggesting that the 
overall affinity may be the sum of several coordinated individual 
interactions involving these repetitive units. Interestingly, a basic 
pentapeptide from the j3 chain of hepatocyte growth factor (HHRGK) 
has also been shown to have antiangiogenic activity (18). This peptide 
has sequence similarity and basic character analogous to HHPHG. In 



light of the electrostatic nature of the interaction of the H/P domain 
and derived peptides with tropomyosin, it is tempting to speculate that 
HHRGK and other small antiangiogenic basic peptides (19) may be 
acting through binding to tropomyosin on the surface of endothelial 
cells. 

The affinity of the peptides examined here for tropomyosin in- 
creases exponentially with the number of repeats of HHPGH, A 
corollary of this relationship is that a peptide comprised of 5 HHPGH 
units would have a predicted IC 50 of 23 nM in the tropomyosin binding 
assay (using the equation derived in Table I). This value is practically 
identical to that of the full H/P domain of HPRG (IC 50 when com- 
peting with 10 nM HPRG ~14 nM). Therefore, it is possible that the 
affinity of the H/P domain for tropomyosin, and conceivably its full 
antiangiogenic activity, would be recapitulated by a pentamer of 
HHPHG units, nearly a 4-fold reduction in size from the H/P domain. 
The consequences of this possibility for understanding the interaction 
of the H/P domain with tropomyosin and for the development of an 
antiangiogenic agent are currently under investigation. 

In summary, we have characterized some of the biochemical and 
biophysical aspects of the interaction of HPRG with tropomyosin that 
mediate the antiangiogenic activity of this relatively abundant plasma 
protein and have identified a 1 6-mer peptide with significant antian- 
giogenic and antitumor activity derived from a consensus sequence 
within the H/P domain of HPRG. 
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